Borna disease virus (BDV) is an infectious agent that causes profound disturbances in motor function and behaviour in a wide range of animal species and possibly humans. The infectious nature of BDV has long been established, but the aetiological agent has not been isolated or classified. Recently, we have reported the isolation of BDV-specific cDNA clones using subtractive libraries constructed from mRNA from infected material. Here we describe studies on one of these cDNA clones, B8, and confirm its specificity by in situ hybridization on sections of BDV-infected brain. The complete nucleotide sequence of BDV-specific clone B8 was determined. Oligonucleotides of positive and negative polarity synthesized from sequences from the 5' and 3' ends, as well as the central part, of clone B8 identified both positive-and negative-strand BDVspecific RNAs in infected rat brain. All B8 sequences used as oligonucleotide probes were found to be contained in the larger positive-and negative-strand RNAs. Thus, the structure of the BDV-specific RNAs appears to be a nested set of multiple, overlapping subgenomic positive-and negative-strand RNA transcripts.
Borna disease (BD) is an infectious neurological disease that occurs sporadically in horses and sheep in Central Europe. BD is characterized by severe disturbances in motor function and abnormal social behaviour in a wide range of animal species and possibly humans (Sprankel et al., 1978; Narayan et al., 1983a, b; Rott et al., 1985; VandeWoude et al., 1990) . Brain homogenates from infected animals have been used for experimental infection of other animals ranging from chickens to primates. BD in rats has two major determinants. The first of these is the neurotropism of the causative agent and its invasion of the brain along neuronal processes from peripheral sites (Narayan et al., 1983a, b; Carbone et al., 1987 Carbone et al., , 1989 Morales et al., 1988) . Second, the clinical disease results from immunopathological T lymphocyte-mediated effects on infected cells in the central nervous system (Narayan et al., 1983a, b; Richtet al., 1989 Richtet al., , 1990 . Infected cells contain virus-specific antigens in both the nuclei and cytoplasm (Wagner et al., 1968; Haas et al., 1986; Duchala et al., 1989) , and three novel, virus-specific proteins of 14.5K, 24K and 38/39K have been described (Schaedler et al., 1985; Haas et al., 1986; Stitz et al., 1991) .
The virus responsible for BD (BDV) has not been isolated or classified, and infectious virus particles have
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not been identified in infected tissues or cultures. The agent is inactivated by exposure to u.v. light, some detergents, cycloheximide and actimomycin D, and therefore has physical and replicative properties typical of conventional viruses . However, no specific nucleic acid had been associated with infected material until recently, when we (VandeWoude et al., 1990) and others de la Torre et al., 1990) reported the isolation of BDV-specific cDNA clones using subtractive libraries constructed from mRNA from infected material. The BDV-specific cDNA clone, B8, isolated in our laboratory from BDVinfected MDCK cells, hybridized to BDV-specific RNAs of 10-5, 3.6, 2.1 and 0.85 kb in infected rat brain. This cDNA clone does not hybridize to any DNA species in infected or uninfected cells (VandeWoude et al., 1990) . These data strongly suggest that BDV is an RNA virus. However, whether the genome is of positive or negative polarity remains to be determined.
The nucleotide sequence of the B8 clone was determined after subcloning the two NsiI fragments comprising the entire clone (approximately 200 and 500 bp) into the vector pcDNAII. The nucleotide sequence was determined on both strands using Sp6 and T7 RNA primers, as well as BDV-specific oligonucleotide primers. Double-stranded plasmids containing the BDVspecific DNA inserts were used for dideoxynucleotide chain termination sequencing (Sanger et al., 1977) after ATA AAA AAC CAA ATG CGG CAA ACC CCC CGC GAC CTG TGA TGA GTT CCG ACC TCC GGC TGA met set set asp le~ arg l~u thr CAT TGC TTG AAT TAG TCA GGA GGC TCA ATG GCA ACG CGA CCA TCG AGT CTG GTC GAC TCC met ala thr a~g p[o set set !eu val ~sp s~r leu leu glu leu val arg arg leu ash gly asn ala thr ile glu ser gly arg leu pro CTG GAG GAC GAA GAA GAT CCC CAG ACA CTA CGA CGG GAA CGG TCG GGG TCA CCA AGA CCA leu glu asp glu glu asp pro gln thr leu arg arg glu arg ser gly set pro arg pro gly qly arg arg ~rg set pro asp thr thr thr gly thr val gly val thr lys thr thr CGG AAG ATC CCA AGG AAT GCA TTG ACC CAA CCG GTA GAC CAG CTC CTG AAG GAC CTC AGG arg lys ile pro arg ash ala leu thr gln pro val asp gln leu leu lys asp leu arg glu asp pro lys glu cys ile asp pro thr gly arg pro ala pro glu gly pro gln glu tys asn pro ser met tle ser asp pro asp gln arg thr gly arg ser ser tyr arg met glu pro leu his asp leu arg pro arg pro ale aso arq Iys qlu gln leu ser ass asp met ser leu ser arg set AMB OPA glu leu ile lys lys leu val thr glu leu ala glu ash ser mg~ lle glu ela glu glu alkali denaturation. The B8 clone is 707 bp in length and terminates with a tract of 15 A residues at its 3' end ( Fig.  1) , a sequence which is not preceded by a polyadenylation signal. Analysis of the B8 cDNA sequence revealed two open reading frames (ORFs); the larger ORF, 'L', starts with an AUG codon at bp 39 and extends to bp 689 (encoding 217 amino acids, calculated Mr 23.68K), whereas the smaller ORF, 'S', starts with an AUG codon at bp 88 and continues to bp 318 (encoding 77 amino acids, calculated Mr 8-83K). ORF 'L' terminates at the translation stop codon TAA at positions 690 to 692, ORF 'S' at two translation stop codons, TAG and TGA, at positions 319 to 324. Translation initiation (Kozak, 1984) at an internal methionine codon at bp 345 to 347 within ORF 'L' could result in a protein of Mr 12.46K (ORF 'L/Int', bp 345 to 689, encoding 115 amino acids).
The predicted amino acid sequences of the two ORFs of clone B8 were compared with the GenBank and EMBL databases in November 1990, but no protein sequences with significant identity to either of the B8 polypeptides were identified. As reported previously, clone B8 directs the synthesis of the BDV-specific 24K and 14K proteins, which are recognized by immune sera (VandeWoude et al., 1990) . However the 24K antigen is also recognized by monoclonal antibodies directed against the 38K/39K BDV-specific protein (VandeWoude et al., 1990) . The relationship between these two proteins is still unclear. A potential ribosomal frameshift sequence (Jacks et al., 1988 ) is present at nucleotides 3 to 9 of the B8 clone, although no stable stem-loop structure exists immediately downstream. Thus, the immunological cross-reactivity between the 38K/39K and 24K proteins may be due to an occasional frameshift event which causes part of the 38K/39K protein sequence to be contiguous with that of the 24K protein.
To confirm the specificity of cDNA clone B8 for BDVspecific RNA, in situ hybridization studies were performed on sections of uninfected and BDV-infected rat brain . Clone B8 hybridized specifically to RNA in infected brain (Fig. 2b) ; no hybridization was observed in normal brain (Fig. 2a) . Hybridization was localized to neurons in the inner layers of the cerebral cortex, thalamus and hippocampus, and was also seen in pyramidal neurons in the brain stem, in Purkinje cells of the cerebellum and in ventral motor neurons of the spinal cord. A typical hybridization pattern in the dentate gyrus, and the CA3 and CA4 regions of the pyramidal gyrus of the hippocampus is shown in Fig. 2(b, c) . This pattern of hybridization is similar to the localization of BDV-specific proteins established by classical immunocytochemical techniques (Gosztonyi & Ludwig, 1984) .
Using the nucleotide sequence of the B8 clone, we synthesized oligonucleotides of both sense (+) and antisense (-) orientation from different regions of the B8 sequence (Fig. 3b) to investigate the genetic organization of the BDV-specific RNAs. Oligonucleotides 246 (-) and 305 (+) are located 5' to the coding region of ORF 'L', oligonucleotides 247 (-), 288 (+), 248 (-) and 341 (+) are homologous to the coding region of ORF 'L' and one oligonucleotide 249 (-), was located near the 3' end of the B8 clone.
A negative-strand RNA probe representing all the B8 sequence identifies four positive-strand, polyadenylated BDV-specific transcripts of 10.5, 3.6, 2.1 and 0.85 kb in BDV-infected rat brain (VandeWoude et al., 1990) . Negative-strand oligonucleotide probes (probes 246, 247, 248 and 249) from different regions of the B8 clone (Fig.  3b) were used for RNA hybridization analyses (Thomas, 1980; Chomczynski & Sacchi, 1987; Davis et al., 1987) . Fig. 3(a, part i) illustrates the results with probes from the coding region (247, 248 and 249) of clone B8. All negative-strand oligonucleotides, including 246, hybridized to the four positive-strand, BDV-specific RNAs (10.5, 3-6, 2.1 and 0.85 kb). Positive-strand nucleic acid probes (305, 288 and 341) were used to examine negative-strand, BDV-specific RNA species. As shown in Fig. 3(a, part ii) we identified three negative-strand BDV-specific RNAs of approximately 10.0, 3-5 and 1.7 kb, with probes from the noncoding (305) and coding (288 and 341) regions of clone B8. The negative-strand RNAs did not migrate with the same mobility as their presumed positive-strand counterparts (Fig. 3a, part iii) . Differences in migration might be expected because the base composition of complementary positive-and negative-strand RNAs differs significantly. A difference would also be expected if there were no poly(U) copy of the 3' poly(A) tail on the negative-strand RNAs. All three positive-strand oligonucleotide probes detected the same pattern of negativestrand RNAs. This is the first report of the nucleotide sequence of a BDV-specific nucleic acid. The 707 bp BDV-specific cDNA clone B8 analysed here represents a highly specific probe for the BD agent. It recognizes RNA species in BDV-infected tissue and cells, and encodes two major BDV-specific proteins of 14K and 24K. Furthermore, B8 recognizes viral RNA exclusively in BDV-infected rat brain, as shown by in situ hybridization (Fig. 2) . This cDNA clone did not hybridize to DNA extracted from uninfected or persistently infected cells and tissues (VandeWoude et al., 1990) . Based on the sensitivity of our hybridization reaction (greater than 1 copy per cell genome) and the fact that persistent BDVinfected MDCK cells contain 1 infectious unit per cell (Herzog & Rott, 1980; de la Torre et al., 1990) , we conclude that BDV is not a DNA virus and that the B8 clone does not represent a cellular gene (VandeWoude et al., 1990) .
The data presented here demonstrate clearly that negative-strand oligonucleotide sequences from both coding and non-coding regions of clone B8 recognize the same four virus-specific, positive-strand RNAs of 10.5, 3-6, 2-1 and 0-85 kb. This indicates that there is a nested set of overlapping RNAs containing all the B8 sequences; the B8 clone most probably represents a cDNA of the 0.85 kb mRNA species. The organization of the nested set of BDV mRNAs could be 5'-or 3'-coterminal or could represent an internal nested set of RNAs, although this is less likely. Nested sets of overlapping subgenomic mRNAs are characteristic of coronaviruses, in which the mRNAs are 3'-coterminal with the genome (Sethna et al., 1989 (Sethna et al., , 1991 Hofmann et al., 1990) . Thus, the expression of BDV RNAs appears to be most similar to that of coronaviruses, a nested set of positive-strand subgenomic RNAs being generated.
Positive-strand oligonucleotides recognize three negative-strand, BDV-specific RNA transcripts. These probes were derived from non-coding and coding regions of clone B8 and hybridize in a similar manner. This suggests that this virus also expresses a nested set of negative-strand RNA species. Subgenomic negative- subgenomic RNAs is not clear. They could fulfil the same functions as proposed for those of coronaviruses, or they could represent genomic segments of the BDV agent. Whether BDV is a negative-or a positive-strand RNA virus has not been resolved as neither our data (VandeWoude et al., 1990) nor those of others de la Torre et al., 1990 ) provide a definitive answer. Its resolution will require isolation of the virus and identification of the virion RNA.
